Abstract. In the present study, equine oocytes were classified into groups of presumably high and low developmental competence according to cumulus morphology, as well as oocyte ability to metabolise brilliant cresyl blue (BCB) stain. All oocytes were evaluated individually in terms of morphometry, zona pellucida birefringence (ZPB) and relative abundance of selected candidate genes. Oocytes with an expanded cumulus (Ex), representing those with presumably high developmental competence, had a significantly thicker zona (18.2 vs 17.3 mm) and a significantly higher ZPB (64.6 vs 62.1) than oocytes with a compacted cumulus (Cp). Concurrently, oocytes classified as highly developmentally competent (BCBþ) had a significantly thicker zona (18.8 vs 16.1 mm) and significantly higher ZPB (63.1 vs 61.3) compared with oocytes classified as having low developmental competence. Expression of TFAM, STAT3 and CKS2 was significantly higher in Ex compared with Cp oocytes, whereas expression of COX1, ATPV6E and DNMT1 was lower. Together, the data reveal that developmentally competent equine oocytes are larger in size, have higher ZPB values and exhibit a typical genetic signature of maternally derived transcripts compared with oocytes with lower in vitro developmental competence.
Introduction
In vitro production of equine embryos remains relatively unsuccessful compared with that of other large animals, like pigs and cattle. The possible causes may include limited access to equine ovaries and a high variability in the developmental competence of equine cumulus-oocyte complexes (COC; Hinrichs 2010a Hinrichs , 2010b . In addition to the numerous factors influencing in vitro embryo production of livestock that have been reported so far (Wang and Sun 2007) , the intrinsic quality of oocytes is the key factor affecting the efficiency of reproductive techniques in farm animals, as well as in human assisted reproductive technologies (Coticchio et al. 2004; Sirard et al. 2006; Telfer and McLaughlin 2007; Van Soom et al. 2007; Wang and Sun 2007) . In addition, only a limited number of oocytes are capable of supporting development to term, or even preimplantation embryo development, in livestock animals (Galli et al. 2007; Hinrichs 2010b; Morel et al. 2010) . Therefore, identification of reliable markers for the in vitro developmental competence of oocytes would increase our understanding about the requirements for early embryonic development and would enable better prediction of the outcome of in vitro embryo production. In contrast with other farm animals, only few criteria correlated with developmental competence have been investigated in the equine so far (Hinrichs 2010b) . The most reliable criterion for developmental competence is cumulus morphology (Hinrichs 2005; Carnevale 2008) . Previous studies have shown that equine oocytes with an expanded (Ex) cumulus complex are more competent to resume meiosis (Hinrichs 2005; for the growing oocyte, as well as the molecular pathways in oocytes with a higher developmental competence, remain unclear.
Because both cumulus cells and the oocyte contribute to zona protein synthesis in a time-specific pattern in the equine (Kölle et al. 2007) , cumulus morphology as a model for developmental capacity could correlate with zona pellucida (ZP) characteristics. Similarly, any variation during folliculogenesis could alter or interrupt the secretion and patterning of the ZP during follicular growth, resulting in substantial morphological alterations, like zona discolouration (Esfandiari et al. 2006) , shape anomaly (Ebner et al. 2008) or changes in the three-dimensional structure of the ZP (Shen et al. 2008) . That is, physical ZP appearance and integrity could correlate with cumulus morphology and could function as a marker of optimal folliculogenesis, and thereby oocyte competence. In this context, polarisation light microscopy opened up new possibilities to measure the properties of the ZP, namely ZP birefringence (ZPB), which has been shown to be correlated with oocyte quality in humans (Rama Raju et al. 2007; Montag et al. 2008; Madaschi et al. 2009; Ebner et al. 2010) and bovine (Koester et al. 2011; Held et al. 2012a) . Moreover, there is a strong correlation between developmental competence and the gene expression pattern of developmentally important genes (El-Sayed et al. 2006; Wang and Sun 2007; Ghanem et al. 2011; Held et al. 2012b) . The abundance of molecular predictors for subsequent developmental competence has been evaluated extensively in other species (Wang and Sun 2007) ; however, only limited information is available for the equine Paris et al. 2011; Smits et al. 2011) . The abundance of maternally derived transcripts in parallel to proper zona patterning in equine oocytes could reflect a proper follicular environment. Therefore, measuring the abundance of maternally derived transcripts and taking into account developmental competence could further enlighten our understanding of equine embryonic developmental capacity during folliculogenesis. In the present study we evaluated our hypothesis that the developmental competence of equine oocytes is reflected by ZP characteristics and the abundance of maternally derived transcripts. The aims of the present study were to: (1) analyse correlations between cumulus morphology (used as a model of developmental competence in equine oocytes) and both ZPB and the expression profiles of selected maternally derived transcripts; and (2) to verify the results using the brilliant cresyl blue (BSB) test as an independent model of developmental competence.
Materials and methods

Oocyte collection
Ovaries from mares of unknown reproductive history were obtained from two abattoirs and transported to the laboratory at 378C within 4 h. COC were recovered by scraping the granulosa layer from opened follicles using a bone curette and were classified as having an expanded (Ex; Fig. 1a ) or compact (Cp; Fig. 1b ) cumulus complex. Those oocytes showing shrunken, dense or fragmented cytoplasm were classified as degenerated oocytes and were discarded.
Staining with BSB
The BCB staining procedure used in the present study has been described elsewhere (Alm et al. 2005; MohammadiSangcheshmeh et al. 2011) . Briefly, COC were exposed to 26 mM BCB (B-5388; Sigma-Aldrich, St Louis, MO, USA) diluted in modified phosphate-buffered saline (PBS) for 90 min at 38.58C in a humidified air atmosphere. After washing three times in PBS, stained COC were examined under a stereomicroscope and further categorised into two groups based on the colour of their cytoplasm: oocytes with any degree of blue colouration in the cytoplasm were considered BCBþ (low G6PDH activity), whereas oocytes without any blue colouration were considered BCBÀ (high G6PDH activity).
Measurement of oocyte diameter and ZP thickness
Individual oocytes were examined at Â200 magnification on an inverted microscope after enzymatic removal of cumulus cells by incubation in hyaluronidase (600 IU mL À1 ; Type I-S, from bovine testes; Sigma, St Louis, MO, USA) for 4 min at room temperature (,248C), followed by final mechanical denudation with hand-drawn glass pipettes (Fig. 1c ). Oocytes were measured twice from the outer surface of the ZP at 908 angles at the widest and narrowest oocyte axes, with the values averaged to give oocyte diameter (Fig. 1d ) . ZP thickness was the average of two measurements at 908-1808 apart and at the most distinct outer borders of the ZP.
Live ZP imaging
The technical set up for ZP imaging of individual gametes resembled that published recently by Montag et al. (2008) and Ebner et al. (2010) . Briefly, live ZP imaging of individual oocytes was performed non-invasively on an inverted microscope (DM-IRB; Leica, Wetzlar, Germany) equipped with Â10, Â20 and Â40 Hoffmann interference optics, a circular polarisation filter and liquid crystal analyser optics (Fig. 1e, f ) . The birefringence analysis, including autocalibration, was fully controlled by a polarisation imaging software module (OCTAX ICSI Guard; OCTAX Microscience, Altdorf, Germany) implemented in an imaging software system (OCTAX Eyeware; OCTAX Microscience). Individual images combining dark field (black) and birefringence (red) views were recorded online by the imaging software. The image processing of the birefringence image (Fig. 1b, d ) extracted several birefringence intensity profiles (n . 20) across the inner zona layer. For each of the profiles (i.e. along the entire zona layer), the cumulated birefringence value was calculated. These values were averaged to give ZPB. Because plastic dishes interfere with polarised light, glass-bottomed dishes (WillCo, Amsterdam, The Netherlands) were used in these examinations. Denuded oocytes were separated in 4-mL drops of HEPES-modified tissue culture medium and imaged at Â200 magnification. Each drop was covered with mineral oil. Screening in groups of 10 did not take longer than 2 min.
In vitro maturation
In vitro maturation (IVM) was performed according to the methods of Galli et al. (2007) using Dulbecco's modified Eagle's medium (DMEM)-F12 (M7628; Sigma) supplemented with 10% fetal calf serum (FCS), 5 mU mL À1 FSH and 25 mg mL À1 gentamicin. Oocytes were washed three times in the culture medium and groups of 10-15 COCs were placed in 400 mL medium per well in a four-well dish (Nunc Intermed, Roskilde, Denmark), covered with pre-equilibrated light white mineral oil and cultured for 28-30 h at 38.58C under 5% CO 2 in air. After IVM, cumulus and corona cells were removed from COCs in TCM-199 with 20% FCS containing 600 IU mL À1 hyaluronidase (Type I-S, from bovine testes; Sigma) by aspiration in and out of finely drawn glass pipettes. Oocytes extruding a first polar body were classified as being at the
90Њ Fig. 1 . Equine cumulus-oocyte complexes (COCs) were classified as having an expanded (a) or compact (b) cumulus complex after evaluation at Â100 magnification under a light microscopic. After removal of cumulus cells (c), zona diameter (the average of two measurements from the outer surface of the zona pellucida at 908 angles) and zona thickness (average of two measurements) of matured MII oocytes were examined at Â200 magnification (d ). (e, f ) Subsequently, MII oocytes were imaged by polarised light microscopy to assess zona pellucida birefringence (ZPB). Representative images show high (e) and low ( f ) ZPB.
MII stage and were subjected to intracytoplasmic sperm injection (ICSI).
Evaluation of meiotic status
Oocytes were stained with 2.5 mg mL À1 Hoechst 33258 (B2883; Sigma) in 3 : 1 (v/v) glycerol : PBS, mounted on microscope slides, covered with coverslips, sealed with nail polish and kept at 48C in the dark until observation (approximately 10 min). Oocytes were evaluated in relation to their meiotic stage under a fluorescent microscope (DM-IRB; Leica), as described previously . Briefly, nuclear chromatin status was classified as degenerated when no chromatin was visible (Fig. 2a) . When abnormal chromatin configurations were detected (Fig. 2b ), oocytes were classified as being in the germinal vesicle (GV) to telophase I (TI) stage when a fluorescent nucleus related to all stages between the GV and TI stages was observed (Fig. 2c) or as being in the MII stage in the case of two separated populations of chromatin, one within the polar body and the other representing the second metaphase plate of the oocytes (Fig. 2d ) .
Procedures of ICSI
Straws of frozen semen were thawed at 378C for 30 s, and 200 mL semen was placed at the bottom of a 5-mL tube containing 1 mL modified Tyrode's albumin lactate pyruvate (TALP) (Parrish et al. 1988) for swim up. After 20 min incubation in an atmosphere of 5% CO 2 in air, the top 0.6 mL medium was collected and washed by centrifugation at 300g for 5 min at room temperature. The supernatant was removed and the pellet resuspended for ICSI, as described previously (MohammadiSangcheshmeh et al. 2011) . Briefly, immediately before injection, 1 mL sperm suspension was placed in a 3-mL droplet of modified TALP containing 10% polyvinylpyrrolidone under oil for manipulation. A group of oocytes was placed in a 50-mL drop of DMEM-F12 (Sigma) containing 10% FBS. Each spermatozoon was immobilised by breaking its tail and then aspirated tail first into the injection pipette. Oocytes were held under gentle negative pressure onto the holding pipette such that the first polar body was orientated at approximately 908 (at 6 or 12 o'clock) relative to the injection pipette, as appropriate. The spermatozoon was positioned very close to the open tip of the injection pipette before penetration of the ZP and oolemma. Negative pressure was then applied to the injection pipette until some free-flowing inward movement of ooplasm was detected. The negative pressure was then rapidly neutralised and then slowly reversed, and the spermatozoon was deposited into the approximate geometrical centre of the oocyte along a 3 towards 9 o'clock track. The manipulations were performed at room temperature. For chemical activation, approximately 1 h after ICSI, the injected oocytes were washed twice in modified PBS and exposed to 5 mM calcium ionophore A23187 (Sigma) in modified PBS at 378C for 10 min. After activation treatment, oocytes were rinsed three times in DMEM-F12 containing 20% FBS and cultured as described below.
In vitro culture Injected oocytes were cultured in DMEM-F12 medium containing 10% FCS and 25 mg mL À1 gentamicin under light white mineral oil at 38.28C in a humidified atmosphere of 5% CO 2 in air. The medium was completely changed on Day 2 after injection, and retarded or degenerating embryos were removed at that time. Embryos were cultured for up to 8 days until they reach the blastocyst stage of development. Morphologically normal cleavage was evaluated 2 days after ICSI, and blastocyst formation was assessed after 6-8 days of culture.
RNA isolation and reverse transcription
Immature equine oocytes classified as Ex or Cp oocytes were denuded immediately after collection. To this end, oocytes were incubated in hyaluronidase (600 IU mL
À1
; Type I-S, from bovine testes; Sigma) for 4 min at room temperature (,248C), followed by mechanical denudation by aspiration in and out of finely drawn glass pipettes. The resulting denuded oocytes were immediately snap frozen in minimal volumes of PBS (1 mL) and were stored in liquid nitrogen until molecular analysis.
Three pools of biological replicates, each containing 10 oocytes, were used for total RNA isolation. Total RNA was isolated using a PicoPure RNA isolation kit (ARCTURS, München, Germany) according to manufacturer's instructions. The RNA concentration in the samples from each treatment group was determined using a Nanodrop 8000 spectrophotometer (Thermo Fisher Scientific, Schwerte, Germany); in addition, the integrity and purity of the RNA were determined using an Agilent 2100 Bioanalyzer with an RNA 6000 Nano LabChip Kit (Agilent Technologies, Palo Alto, CA, USA). The rRNA ratio (28S : 18S) of the RNA samples was between 1.9 and 2.1, and the RNA integrity was between 7.5 and 8.4. Isolated RNA, in 11 mL RNase-free water, was reverse transcribed in 20 mL total reaction volume containing 1 mL oligo(dT)25 primer, 4 mL of 5Â first strand buffer (375 mM KCl, 15 mM MgCl 2 , 250 mM Tris-HCl, pH 8.3), 2 mL dithiothreitol (DTT), 1 mL dNTP, 0.3 mL RNase inhibitor (Promega, Madison, WI, USA) and 0.7 mL Superscript II reverse transcriptase (Invitrogen, Karlsruhe, Germany). The RNA and oligo(dT)25 primer were incubated at 708C for 3 min and placed on ice until the remaining reaction components were added. The reactions were incubated at 428C for 90 min and terminated by heat inactivation at 708C for 15 min.
Quantitative real-time polymerase chain reaction analysis Eleven candidate genes, namely TFAM, COX1, ATP6V1E1, IF-3, RPS25, STAT3, DNMT1, AURKA, ODC1, CKS2 and DICER1, were selected for further analysis by real-time polymerase chain reaction (PCR; Table 1 ). Quantitative analysis of cDNA samples was performed using an ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA, USA). The cDNA synthesised from oocytes samples was subjected to real-time PCR using the GAPDH primer to test for any variation in the expression of this internal control gene. After confirming that there were no significant differences in the relative abundance of GAPDH between samples, all transcripts (Table 1) were quantified using independent real-time PCR runs. The PCR was performed in a 20-mL reaction volume containing 9 mL of 2.5Â RealMasterMix with 20Â SYBR (Eppendorf, Hamburg, Germany). During each PCR, samples from the same cDNA source were run in duplicate to control the reproducibility of real-time results. A universal thermal cycling parameter (45 cycles of 10 s at 508C, 10 min at 958C and 15 s at 958C, followed by 60 s at 608C) was used to quantify candidate genes. After the end of the last cycle, a dissociation curve was generated by starting the fluorescence acquisition at 608C and taking measurements every 7 s until the temperature reached 958C. Final quantitative analysis was done using the relative standard curve method (standard curve correlation .0.98, slope of standard curve between À3.4 and À3.8) and results are reported as the relative expression or n-fold difference to the calibrator after normalisation of the amount of transcript against that of the endogenous control.
Statistical analysis
The data in the present study were analysed using SAS version 8.0 (SAS Institute, Cary, NC, USA). The proportion of oocytes that reached certain meiotic stages after IVM, as well as those reaching the cleavage and blastocysts stage after ICSI and in vitro culture (IVC), were compared between groups of oocytes by Chi-squared analysis. Data for ZP thickness and ZPB are expressed as the mean AE s.d., with differences among groups analysed by one-way ANOVA followed by Tukey's pair-wise comparison. The relationships between oocyte diameter, ZP thickness and ZPB were calculated using simple linear regression analysis. The relative amount of mRNA expression was analysed using a general linear model (GLM). The significance of differences in mean values was evaluated using ANOVA by multiple pair-wise comparisons using t-tests. P # 0.05 was considered significant and P # 0.001 was considered highly significant.
Experimental design Experiment 1: effect of cumulus morphology on developmental competence
To confirm whether cumulus morphology of equine oocytes has a predictive value for subsequent preimplantation embryo development, MII oocytes obtained from Ex and Cp groups were fertilised using the ICSI technique. Subsequently, developmental characteristics (meiotic status, cleavage rate and development to the blastocyst stage) were analysed.
Experiment 2: effect of developmental competence assigned by cumulus morphology on zona size and ZPB To investigate whether there is any correlation between the developmental competence of equine oocytes and ZP characteristics, immature oocytes were classified according to their cumulus morphology (Ex or Cp). After maturation, oocytes were imaged individually after denudation of cumulus cells for measurement of ZP diameter, ZP thickness and quantitative analysis of ZPB.
Experiment 3: effect of ZP diameter on ZP thickness and ZPB To analyse whether there is any correlation between ZP diameter and either ZP thickness or ZPB, the diameter and thickness of the ZP were measured individually for IVM equine oocytes soon after removal of cumulus cells, followed by measurement of ZPB. Correlations between oocyte diameter and ZP thickness and ZPB were calculated thereafter.
Experiment 4: effect of developmental competence, as determined by the BCB test, on ZP size and ZPB To validate whether the developmental competence of equine oocytes is correlated with ZP size and ZPB of IVM equine oocytes, immature COCs were classified by BCB staining as either BCBþ or BCBÀ. Thereafter, oocytes were matured in vitro and imaged individually after denudation of cumulus cells for measurement of ZP diameter, ZP thickness and quantitative analysis of ZPB.
Experiment 5: effect of developmental competence, as determined by cumulus morphology, on gene expression of maternally derived candidate genes To validate whether the developmental competence of equine oocytes is correlated with the expression of maternally derived transcripts, immature oocytes were classified as Ex or Cp and subjected to quantitative real-time reverse transcriptionpolymerase chain reaction (RT-PCR) of selected candidate genes.
Results
Correlation between cumulus morphology and developmental capacity in equine oocytes
When confirming the predictive value of cumulus morphology for developmental competence, significantly more Ex oocytes (n ¼ 247) reached the MII stage compared with Cp oocytes (n ¼ 198; 59.1% vs 42.4%, respectively; P , 0.05). There were significantly fewer Ex oocytes at the GV-TI stage than Cp oocytes (15.4% vs 34.3%, respectively), although there was no difference in the proportion of degenerated oocytes in the two groups (25.5% vs 23.2%, respectively; Table 2 ).
After ICSI, there was no significant difference in the cleavage rate between Ex (n ¼ 134) and Cp oocytes (n ¼ 80; 50.7% vs 47.5%, respectively). However, a significantly higher proportion of Ex compared with Cp oocytes developed to the blastocyst stage (11.9% vs 3.8%, respectively; P , 0.05; Table 2 ).
Correlation between ZP characteristics and developmental capacity Considering ZP characteristics, oocytes of high developmental capacity, as determined by cumulus morphology (Ex; n ¼ 93), had a significantly (P , 0.01) larger ZP diameter compared with oocytes classified as having low developmental competence (Cp; n ¼ 86; Table 3 ). Quantitative analysis of the ZP revealed that average ZP thickness and ZPB significantly differed between Ex and Cp oocytes: Ex oocytes had a significantly thicker ZP than Cp oocytes (18.2 AE 2.2 vs 17.3 AE 2.1 mm, respectively; P , 0.05) and mean ZPB was significantly higher in Ex compared with Cp oocytes (64.6 AE 5.2 vs 62.1 AE 4.2, respectively; P , 0.05; Table 3 ).
Validating ZP characteristics with respect to developmental competence, equine oocytes assigned to the high developmental competence group (BCBþ; n ¼ 89) had a significantly (P , 0.01) larger ZP diameter than oocytes classified as having low developmental capacity (BCBÀ; n ¼ 41; Table 4 ). Quantitative analysis of the ZP revealed ZP thickness and ZPB to differ significantly between the BCBþ and BCBÀ oocytes. Oocytes classified as BCBþ had a significantly thicker ZP than BCBÀ oocytes (18.8 AE 2.4 vs 16.1 AE 2.0 mm, respectively; P , 0.05). Similarly, mean ZPB was significantly higher in BCBþ compared with BCBÀ oocytes (63.1 AE 4.5 vs 61.3 AE 3.3, respectively; P , 0.05; Table 4 ). Considering ZPB, there was a positive correlation (n ¼ 308; r ¼ 0.62; P , 0.05) between ZPB and oocyte diameter (Fig. 3) . Similarly, there was a significant correlation between ZPB and ZP thickness in equine oocytes (n ¼ 308; r ¼ 0.44; P , 0.05; Fig. 4) . Accordingly, there was a positive correlation between oocyte diameter and ZP thickness (r ¼ 0.76; P , 0.05), as shown in Fig. 5 .
Correlation between abundance of maternally derived transcripts and developmental capacity The expression of 11 selected maternally derived transcripts were analysed by quantitative real-time PCR in immature oocytes with either low (Cp oocytes) or high (Ex oocytes) developmental competence. Relative transcript abundance differed significantly in the case of six genes (Fig. 6 ). The expression of three genes was significantly higher in Cp compared with Ex oocytes, namely cytochrome C oxidase subunit 1 (COX1), ATPase lysosomal V1 subunit E1 (ATP6V1E1) and DNA (cytosine-5-)-methyltransferase 1 (DNMT1), whereas the expression of mitochondrial transcription factor A (TFAM), signal transducer and activator of transcription 3 (STAT3) and CDC28 protein kinase regulatory subunit 2 (CKS2) was significantly higher in Ex compared with Cp oocytes (Fig. 6 ). There were no differences between Cp and Ex oocytes in the expression of ribosomal protein S25 (RPS25), interferon 3 (IF3), aurora kinase A (AURKA), ornithine decarboxylase 1 (ODC1) and dicer 1 (DICER1; Fig. 6 ).
Discussion
In contrast with other species, the efficiency of in vitro embryo production in the equine remains very low. In the present study, we associated morphological and molecular properties of equine oocytes with developmental competence to gain a further understanding of factors affecting in vitro development. Therefore, we used equine COC with contrasting cumulus morphologies as a model for developmental competence, as reported previously (Hinrichs et al. 1993 (Hinrichs et al. , 1995 Alm and Hinrichs 1996) .
Correlation between cumulus morphology and developmental capacity in equine oocytes Preliminary, the predictive accuracy of cumulus morphology for subsequent development competence was proved. In accordance with previous studies (Hinrichs et al. 1993 (Hinrichs et al. , 1995 Alm and Hinrichs 1996; Hinrichs 2005) , higher maturation, cleavage and blastocyst rates were detected for Ex oocytes compared with Cp oocytes. Thus, cumulus morphology of immature equine COCs is a valuable morphological marker for subsequent developmental competence, not only as reported by others, but also as demonstrated under our laboratory conditions. The Ex oocytes are commonly derived from atretic follicles and Cp oocytes are from viable follicles, whereas highest maturation rates were obtained in oocytes from follicles in primary atresia (Hinrichs and Williams 1997) , suggesting that oocyte quality is related to its follicular environment.
Correlation between ZP characteristics and developmental capacity During follicular development, the ZP is synthesised by the oocyte and the surrounding cumulus cells. This implies that zona characteristics like diameter, thickness and structural organisation (Talevi et al. 1997 ) may reflect a proper follicular environment, providing information about developmental phase. To investigate this, we compared several morphological ZP parameters between Ex and Cp oocytes. The results showed a significant impact of cumulus morphology on ZP properties, revealing greater zona diameter, a significantly thicker ZP and higher ZPB values for Ex oocytes. In the bovine, oocytes with a greater diameter have accomplished their growth phase, whereas a smaller diameter is suggested to be correlated with an incomplete growth phase, leading to alterations during maturation (Lechniak et al. 2002 ) that, in turn, result in reduced developmental potential after fertilisation (Fair et al. 1995; Lechniak et al. 2002) . Our results show a significantly thicker ZP for Ex oocytes, which may be explained by a longer period of patterning of both the oocyte and cumulus cells within the atretic follicle (Hinrichs and Williams 1997) . Taking advantage of polarised light microscopy, we have shown in the present study that different cumulus morphologies are reflected by contrasting values for ZPB. A strong relationship between ZPB and developmental capacity has been demonstrated in previous studies dealing with different species, like the bovine (Koester et al. 
2011
; Held et al. 2012a) , hamster (Keefe et al. 1997) and humans (Shen et al. 2005; Montag et al. 2008) . In the bovine, it was shown that lower birefringence values are correlated with higher developmental potential, whereas in humans and hamsters higher birefringence implies higher developmental capacity, which is in line with the results of the present study showing a positive correlation between cumulus expansion and birefringence. The multilaminar structure of the ZP revealed by polarisation microscopy (Keefe et al. 1997; Shen et al. 2005 ) is linked to the paracrystalline network structure of the zona (Wassarman et al. 2004) , which is formed during intrafollicular maturation by the granulosa cells (Sinowatz et al. 2001; Bogner et al. 2004) and by the oocyte (Nikas et al. 1994) . A high birefringence of the inner zona layer appears to be an indicator of optimal formation of the multilaminar structure during maturation. Therefore, it can be speculated that higher ZPB values reflect better conditions during follicular growth and maturation. In agreement, regression analysis revealed a high correlation between zona diameter, zona thickness and ZPB. These results let us suggest that a high birefringence reflects a regular integrity of the ZP, which is dependent on a suitable growth period within the follicle. To verify the correlation between ZPB and developmental capacity, a second independent competence model, namely the BCB test (reflecting G6PDH activity), was chosen. G6PDH is a component of the pentose phosphate cycle that is synthesised within oocytes during oogenesis, providing information about the individual growth status of an oocyte.
Based on the ability of G6PDH to convert the BCB stain from blue (BCBþ) to colourless (BCBÀ), BCB staining was used to measure G6PDH activity. So far, low G6PDH activity has been proved to correlate with higher developmental competence in equine , mouse (Wu et al. 2007) , rat (Alcoba et al. 2011) , cow (Alm et al. 2005) , pig (Egerszegi et al. 2010) , buffalo (Manjunatha et al. 2007) , ovine Wang et al. 2012 ), goat (Rodriguez-Gonzalez et al. 2003 and dog (Rodrigues et al. 2009 ) oocytes. The results of the present study show that oocytes of presumable higher developmental competence (BCBþ) have a larger zona diameter, a thicker zona and higher oocytes values for the inner zona layer compared with oocytes of presumably lower developmental competence (BCBÀ). Because G6PDH activity decreases following maturation (De Schepper et al. 1985) , these results are in line with the reported higher developmental competence of equine oocytes from atretic follicles compared with still growing oocytes from smaller follicles.
Both competence models (cumulus morphology and the BCB test) identified a correlation between oocytes and morphometric zona properties and developmental capacity. Thus, we speculate that oocytes itself is a reliable indicator of a proper follicular environment, as well as a credible predictor of developmental competence in equine oocytes.
Correlation between abundance of maternally derived transcripts and developmental capacity The acquirement of high developmental competence of oocytes during the growth phase in accordance with cytoplasmic changes, including mRNA transcription, protein translation and posttranslational modification, as reported previously for bovine oocytes (Sirard et al. 1989) . These activities are necessary for meiotic maturation (Hunter and Moor 1987) , minor and major genome activation (Barnes and First 1991) and blastocyst formation (De Sousa et al. 1998) . To elucidate molecular predictors for developmental competence, we classified equine oocytes according to cumulus morphology and evaluated the expression of a set of maternally derived transcripts recently investigated with respect to developmental competence of equine oocytes ).
The expression of three genes (DNMT1, COX1 and ATP6V1E1) was lower in Ex oocytes, representing those with higher developmental competence, than in Cp oocytes. COX1 and ATP6V1E1 are mitochondria-related genes, which have been described previously to potential markers for developmental competence, with lower mitochondrial (mt) DNA copy numbers in developmentally incompetent oocytes (Spikings et al. 2007) . In contrast with a previous study in which we found higher abundance of DNMT1 in BCBþ oocytes (Wei et al. 2011) , in the present study we found significantly lower DNMT1 expression in Ex oocytes, which is against all odds because maternal nuclear DNMT1 is required for the maintenance of methylation imprints in preimplantation embryos during the first two cell cycles (Wei et al. 2011) . Similarly, COX1, a respiratory chain protein encoded by mtDNA (Scarpulla 1997) , has been suggested to be vital for bovine oocyte developmental competence (May-Panloup et al. 2005; Opiela et al. 2009a) . However, expression of COX1 was lower in oocytes of higher viability (Ex oocytes) in the present study, which is in agreement with results of our recent study (MohammadiSangcheshmeh et al. 2011) , implying lower abundance in fully grown compared with growing oocytes. Similarly, expression of ATP6V1E1 is not in accordance with previous studies, which reported that the developmental competence of oocytes and preimplantation embryos is dependent on mtDNA replication number in the bovine (Opiela et al. 2009b ) and murine (Wai et al. 2010) . Although there is a lack of comparable studies in the equine, studies performed in humans (Van Blerkom et al. 1995) , mouse (Quinn and Wales 1973) and bovine (Stojkovic et al. 2001) suggest that oocyte quality and embryonic development are significantly affected by variations in ATP levels, indicating that the supply of ATP originates from mitochondrial activity, known as the key source of energy in oocytes. In contrast, the expression, namely TFAM, STAT3 and CKS2, was higher in Ex oocytes. Spikings et al. (2007) found that reduced expression of TFAM, which is known to play a crucial role during the regulation of the mtDNA copy number, is a causative factor for delayed mtDNA replication in oocytes. This finding is in agreement with previous studies reporting a strong correlation between mtDNA replication number and the developmental competence of oocytes and preimplantation embryos in bovine (Stojkovic et al. 2001; Opiela et al. 2009b) , pig , murine (Wai et al. 2010) and human (Santos et al. 2006) oocytes. The higher expression of STAT3, an acute-phase response factor, in Ex oocytes is in line with previous studies that determined this transcript as a molecular marker of developmental potential in murine (Li et al. 2005) and bovine (PaulaLopes et al. 2007) oocytes. Finally, our results show that the expression of the cell cycle-related gene CKS2 is significantly higher in Ex compared with Cp oocytes, which is in agreement with a recent publication in the bovine (Ghanem et al. 2007) .
To validate whether the expression levels of genes under study are related to developmental competence rather than to cumulus morphology, one could compare the relative expression trends obtained in the present study (based on cumulus morphology) with the signature based on the BCB test recently reported by our group . Considering both models for developmental competence, the expression levels of four genes, namely COX1, TFAM, STAT3 and CKS2, were consistent for oocytes of presumably high developmental competence, turning them into reliable markers in future studies into the molecular mechanisms related to developmental competence in equine oocytes. In contrast, ATP6V1E1 and DNMT1 showed differential expression according to classification based on cumulus morphology, but not based on the BCB test, suggesting that the different expression of these genes may be related to morphology rather than ultimately to developmental competence. Conversely, three candidate genes (AURKA, IF3 and ODC1) were solely differentially regulated based on classification according to the BCB test, whereas they did not differ between oocytes with contrasting cumulus morphologies.
Together, the results of the present study prove the feasibility of predicting developmental competence according to cumulus morphology. Moreover, higher developmental competence indicated by cumulus morphology is correlated with zona size and with high ZPB values measured by polarisation light microscopy. At the molecular level, we showed that the gene expression of oocytes is correlated with cumulus morphology, indicating the potential use of COX1, TFAM, STAT3 and CKS2 as molecular predictors of developmental capacity. In addition, the validity of our findings with respect to ZPB and expression of maternally derived transcripts was further confirmed by the results of the BCB test. Collectively, the present study is the first to prove a correlation between developmental competence and ZPB in equine oocytes. Beyond that, we present a signature of four maternally derived candidate genes with an impact on the subsequent in vitro development of equine embryos.
